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This article presents an overview of neutrino physics research, with high- 
C^) • lights on the physics goals, results and interpretations of the current neutrino 

' experiments and future directions and program. 

O ' 

O ■ 1 Introduction 

■ One of the major breakthrough in elementary particle physics in the past 
I , decade is the evidence of neutrino masses and mixings through the studies 

of neutrino oscillations. It offers the first case for the need to extend the 
<-j ', much-cherished Standard Model. Several important questions are raised, and 

there are intense world-wide efforts to pursue the next-generation of neutrino 
experiments to address them. 

■ The objective of this article is to "set the stage" for students and re- 
searchers not in the field by summarizing the key ingredients and highlights 
of the goals, status and future directions in neutrino physics. It is not meant 
to be a comprehensive lecture or detailed review article. Interested readers can 
pursue the details via the listed references in the Review of Particle Physics [1] 
textbooks [2J, conference proceedings [3] and Web- links g]. 



2 Neutrino Physics : WHY 



Neutrino exists — and exists in large quantities in the Universe, comparable in 
number density to the photon. It is known that there are three flavor of light 
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neutrino coupled via weak interaction to the Z gauge boson. Similar to the 
quark sector, the flavor (or interaction) eigenstates V[ is a linear combination 
of the mass eigenstates z/j via a mixing matrix U, usually called the PMNS 
matrix (after Pontecorvo-Maki-Nakagawa-Sakata). Denoting the flavor and 
mass eigenstates respectively by 




one have 

& = U <j> . (2) 

Unitarity constraints imply that U can be described four independent variables 
which are usually parametrized as: 

U = U ( 9 U , 6 23 , 013 , 8 ) (3) 

where 9ij are the mixing angles between and Vj , and 5 is a phase that char- 
acterizes possible CP-violation. Being electrically-neutral, the neutrinos can 
be "Dirac" or "Majorana" particles, identified by whether the neutrinos and 
anti-neutrinos are different or the same, respectively. For Majorana neutrinos, 
a diagonal matrix 

U Maj = diag ( 1 , e ia , ) (4) 

should be added such that the mixing matrix becomes U — ► UUMaj- 

The "road map" in neutrino physics research can be summarized in Fig- 
ure [T] In field theory language, the experimentally measurable neutrino prop- 
erties can be encoded in a "neutrino mass term" L(m u ) in the Lagrangian. 
Standard Model sets this to be identically zero, but without any compelling 
reasons — in contrast to the massless-ness of the photons being dictated by 
gauge invariance. The detailed structures and values of this term can reveal 
much about the Grand Unified Theories. 

The mass term can be expressed either as: 

L(m u ) = ^r-M 3X 3-^l (5) 

in the flavor basis or as 

L(m v ) = 4> R ■ M D ■ <j) L (6) 

in the mass basis, where the 3x3 matrix M$x3 is related to the diagonalized 
mass matrix Mb by 

M 3X3 = U T -M D -U . (7) 

The fundamental intrinsic neutrino properties of great interest are the "neu- 
trino masses" m, of Vi (for i = 1,2, 3) given in 



Ud = diag ( mi , mi , 7713 ) 



(8) 
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Fig. 1. A schematic chart showing the relationships between different domains in 
neutrino physics research. 



and the "neutrino mixings" due to individual elements Uu of U. The and 
Uu are experimentally measurable, from which M^x3 can be constructed. The 
high energy new physics scale as well as parameters for symmetry breaking and 
mass generation are expected to be leave their imprints in A/3X3- Accordingly, 
the pursuit of neutrino masses and mixings will lead to a knowledge of M^x3 
which will shed light to the deep-hidden secrets of nature. 

At the large length-scale frontier, neutrino mass is related to the compo- 
sition and structural evolution of the Universe. The combined neutrino and 
cosmology data [5] indicate that our Universe is at critical density and that 
neutrinos constitute to at least 0.1% of this density, comparable to the fraction 
shared by visible matter. 

The study of neutrino physics and the implications of the results connect 
many disciplines together, from particle physics to nuclear physics to astro- 
physics to cosmology. Experimentally, the probing of L(m„) is carried out 
by studying various processes related to neutrino masses and mixings, such 
as direct mass measurement through the distortion of /3-spectra, neutrino- 
less double beta decays, neutrino oscillations, neutrino magnetic moments, 

neutrino decays and so on. These investigations are realized by a wide 

spectrum of experimental techniques spanned over many decades of energy 
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scale with different neutrino sources. The expected neutrino spectrum due to 
terrestrial and astrophysical sources are shown in Figure [5J 
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Fig. 2. The expected neutrino spectra from various celestial and terrestrial sources. 
Neutrinos from man-made accelerators, typically at the range of f MeV to 100 GeV, 
are not shown here since accelerator parameters differ. The detectable window is also 
shown. 

In addition, neutrino has been used as probe (as "beam" from accelerators 
and reactors and even astrophysical sources) to study electroweak physics, 
QCD, structure function physics, nuclear physics, and to provide otherwise 
inaccessible information on the interior of stars and supernovae. 

Neutrino interactions are characterized by cross-sections at the weak scale 
(100 fb at 100 GeV to < 10" 4 fb at 1 MeV). As an illustration, the mean free 
path in water for i7 e from power reactors at the typical energy of 2 MeV is 
250 light years! The central challenge to neutrino experiments is therefore on 
how to beat this small cross section. The typical solution is to deploy massive 
detectors. Consequently the experimental hurdles become how to keep the 
cost and background manageable. These pose great challenges and demand 
to the creativity — and often courage — of experimentalists. 

Neutrino Physics : NOW 

After half a century of ingenious experiments since the experimental discov- 
ery of the neutrinos by Cowan and Reines [6] , there are several results which 
indicate compellingly the existence of neutrino masses pj |S] , and hence the 
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necessity for the extension of the Standard Model. All these results are based 
on experimental studies of neutrino oscillation, a quantum-mechanical inter- 
ference effect which allows neutrino to transform from one flavor eigenstate 
to another as it traverses in space. 

Using the two-flavor formulation of the two lighter families as illustration, 
Eq. [2] can be written as 

f v e \ ( cos 9 12 sin 9 12 \ / v\ \ , , 

yv,,,) \-sin6u cos 9 12 J \v 2 ) 

The probability of v e at energy E v transforming to Vn after traversing a dis- 
tance L is given by 

P(v. -+ vy) = sinHQ sm 2 { Am l 2 L ) (10) 

where Am\ 2 = — m i is the mass-squared difference between the two mass 
eigenstates. The (E U ,L) parameters are select-able in individual experiments 
such that different regions of (Am 2 , 9) are probed. In the presence of matter, 
a resonance "MSW" effect [9] can take place when the condition 

y/2-G F -p e = ^--cos20 (11) 
IE V 

are satisfied, where Gf is the Fermi constant and p e is the electron density 
in matter. The effective mixings at resonance are maximal even though the 
vacuum mixing angle can be small. The origins are due to the physics that 
(i/ju, v T ) only interact via neutral currents with the electrons while v e can have 
both neutral and charged-current interactions. A summary of the results of 
neutrino oscillation experiments is shown in Figure OS 

Our current knowledge of the mixing matrix U and of Am 2 is derived from 
positive evidence of neutrino masses and mixings from several experiments 
using different neutrino sources: 



2.1 Atmospheric and Accelerator Neutrinos 

Data from the Super-Kamiokande experiments [10j . supported by other ex- 
periments (MACRO, SOUDAN), indicate a smaller (y^ + v^)/(v c + i7 c ) ratio 
than would be expected from propagation models of cosmic-ray showering. 
There is a statistically strong dependence of the deficit with the zenith an- 
gle of the neutrinos, which can be translated to a dependence with L/E v , a 
"smoking gun" evidence for neutrino oscillations. The data supports a scenario 
of i/n — > v T oscillation, rather than v v disappearing into sterile neutrinos. 

The allowed region is indicated by "SuperK" in the (Am 2 , 9) plot of Fig- 
ure [31 with 



Am 2 atm = (1.9 - 3.0) x 10- 3 eV 2 
sin 2 29 atm >0.9 (12) 




Fig. 3. A summary of results of neutrino oscillation experiments in (Am 2 , 6) pa- 
rameter space. The allowed regions from different experiments are shown by various 
shading. Adapted from Ref. [7]. 
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Long baseline neutrino oscillation experiment K2K [11] compared the flux 
of an accelerator beam close to its production point at the KEK Labo- 
ratory to that measured at the Super-Kamiokande detector after the beam 
traversed a distance of 250 km. Disappearance of the was observed at a level 
compatible with the (Am 2 3 , #23) measurements of the atmospheric neutrino 
experiments. 

2.2 Solar and Reactor Neutrinos 

All previous solar neutrino experiments (Homestake, Kamiokande, GALLEX, 
SAGE, Super-Kamiokande) observed solar neutrino flux less than the predic- 
tions of Standard Solar Model [TJ] . The deficit is different among the experi- 
ments, suggesting an energy dependence of the effect. 

The SNO experiment [l3j in Canada, with its deuteron target in the 
form heavy water, measured the solar neutrino flux in three different chan- 
nels. As depicted in Figure HJ the flavor-dependent elastic scattering (ES) 
and charged-current (CC) channels shows deficit while the flavor-independent 
neutral-current channel agrees perfectly with the predictions from the stan- 
dard Solar Model [T2"lll4| . These represent compelling evidence that neutrinos 
are produced in the correct amount by nuclear fusion in the interior of the 
Sun, and that some v^s produced are converted to another active neutrino 
flavors on its way to Earth. The "Solar Neutrino Problem" , which has been a 
major puzzle in basic science for thirty years, is thus solved. 

The combined solar neutrino data can be explained by neutrino oscillation 
in matter and select the "Large Mixing Angle" (LMA) region as labeled by 
"SNO" in Figure [3] as the preferred solution. 

The KamLAND |15] experiment in Kamioka, Japan is sensitive to the v e 
emitted from the many nuclear power reactors in the vicinity, with an average 
distance of 180 km. An energy-dependent deficit of the v e flux was observed. 
When interpreted as neutrino oscillation in vacuum, the allowed parameter 
space as indicated by "KamLAND" in Figure [3] has excellent overlap with the 
solar neutrino LMA region and significantly enhance the sensitivity to Am 2 . 
The combined fit of the solar and reactor neutrino data gives: 



2.3 LSND Anomaly: 

The LSND experiment [16] with accelerator neutrinos reported unexpected 
excess of v c in a + beam, which can be explained by — > v c oscilla- 
tion at the relative large Am 2 and small 9 region as denoted by "LSND" in 
Figure [21 The results are yet to be reproduced (or totally excluded) by other 
experiments. The MiniBoone experiment, currently under data taking and 
analysis, will confirm or refute these anomalous results. 




(13) 
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Fig. 4. Results from the SNO experiment showing the complementary regions of 
sensitivities from the charged-currents (CC), neutral currents (NC) and electron 
scattering (ES) measurements. Predictions by the Standard Solar Model are the 
region between the dotted lines. Adapted from Ref. |13j . 



2.4 Neutrino Masses and Mixings 

If one takes the conservative approach that the LSND results must be con- 
firmed by an independent experiment before they are incorporated into the 
theoretical framework, then a three-family scheme with neutrino masses and 
mixings is adequate. Otherwise, sterile neutrinos must be added and the Stan- 
dard Model must be substantially extended. 

Accordingly, the atmospheric and solar neutrino results given in Eqs. 1121 
and 1131 are due to v 2 «-> v 3 and v\ <-> v 2 oscillations, respectively: 

Am 2 23 = Am 2 atm ; Q 23 = 6 atm (14) 
Am\ 2 = Am% ; 9 12 = 9 Q (15) 

The oscillation and v\ <-> v 3 is not observed experimentally yet, and only 
upper limit from reactor experiment CHOOZ [T7] exists for #13: 

Am 2 13 - Am\ 3 = (1.9 - 3.0) x 1CT 3 eV 2 

sin 2 9 13 < 0.05 (16) 

Taking 612 = 45°, the mixing matrix U in Eq. [3] has the structure: 

(cosd\ 2 sinQyi e lSl sin&\ 3 \ 

-sin6 12 /V2 cos8 12 /V2 l/y/2 , (17) 
sm0i 2 /V2 -cos9i 2 /V2 1/V2 / 
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Normal Hierarchy: Inverted Hierarchy: 

Am 2 32 >0 Am 2 32 <0 

Fig. 5. The favored neutrino mass spectra to explain the various positive results 
from neutrino oscillation experiments. 

where #12 ~ 34°. The mixing angle #13 and the CP-violating phase 6 remain 
unknown. The matrix U Maj is diagonal and hence is not sensitive to oscillation 
experiments. An important feature is that while the formalism are almost 
identical, the structure of the mixing matrix in the neutrino sector is very 
different from that in the quark sector. In particular, cases where #23 = 45° or 
#13 = exactly may imply symmetry principles in nature yet to be discovered. 

Our present knowledge of the neutrino mass spectrum is depicted schemat- 
ically in Figure [5l The color-codes denote the compositions of the vari- 
ous mass eigenstates. Depending on which is the eigenstate with the min- 
imum mass, there are two possibilities: the normal and the invert hierar- 
chies. Since the oscillation results only provides information on Zim 2 's, the 
absolute scale of m, remains unknown. It can be "hierarchical" , in which 
mi(max) ~ yj Arn^ ~ 45 meV, or "quasi-degenerate" , where m\ ~ ~ wis- 
Existing /3-spectrum measurements give upper bound of mi < 2 eV for the 
individual neutrino masses. 



3 Neutrinos in Cosmology 

There is a long tradition of interplay between neutrino physics and cosmology 
— that is, physics at the smallest and largest scale. The standard model of 
primordial nucleosynthesis [TS] is a pillar of the Big-Bang Cosmology. Com- 
parisons of the observed baryon-to-photon ratio (77) in the Universe with the 
abundance of 4 He, D, 3 He and 7 Li can place constraints on the degrees of 



10 Henry T. Wong 



freedom on their production, and hence the number of light neutrino families. 
The latest global analysis, including a determination of r\ from the cosmic 
microwave background measurements, gives N v = 3.24 ± 1.2 [T9] . 

Precision measurements of the cosmological parameters is a subject where 
tremendous amount of progress were made in the last decade [5] , through the 
studies of cosmic microwave background, large red-shift supernovae, as well 
as the structures in galaxy clustering. The summary plot in the (/2 m ,i?yi) 
plane is displayed in Figure [6) where Q m is the total mass density, while J? a 
is the cosmological constant. The best- fit allowed region is consistent with a 
flat Universe ( Q m + S7a ~ 1 ) with about Q ~ 25% in the form of known or 
yet-unobserved matter, and the remaining i? ~ 75% as "Dark Energy" . 

The total neutrino mass density affects the scale of structure formation on 
the galaxy clusters. Combined global analyses of the different probes give rise 
to upper bound on total neutrino mass of m i < 0-17 eV at 95% confidence 
level |20j . Coupling with results from neutrino oscillation experiments, lower 
bound of neutrino mass density of J?„ > 0.001 can be placed. 

4 Neutrino Physics : FUTURE 

The main thrust of neutrino physics will be to perform precision studies on the 
already measured parameters, to uncover the remaining parameters (613, S) 
in U, to establish an mass scale for rrii, to differentiate the two possible mass 
hierarchies, and to identify neutrinos as being Dirac or Majorana particles. 
In addition, among the various neutrino sources depicted in Figure O only a 
relatively small window from ~1 MeV to ~100 GcV is detectable by present 
techniques. Research efforts towards discovering and studying and devising 
new neutrino sources, interaction channels as well as detection mechanisms 
remain crucial and complementary. The future of neutrino experiments will 
therefore evolve along the various directions: 

4.1 Oscillation Parameters: 

There is a running experiment with accelerator neutrinos from the Fermilab 
NuMI beam to the MINOS detector 730 km away. First results [H] are consis- 
tent with interpretations of neutrino oscillation at the atmospheric parameter 
space of Eq. [T2j The CERN neutrino beam line is under construction, and 
will be received by the ICARUS and OPERA experiments at Gran Sasso, 
also 730 km away. Another approved project is the T2K experiment, where 
an intense neutrino beam in Tokai, Japan is being built to be sent to the 
Super-Kamiokande detector 295 km away in an "off-axis" mode. An alter- 
native project NOz^A is being pursued using the Fermilab NuMI beam. The 
goals of these experiments will be to improve on the (zlm| 3 , #23) measure- 
ments, to detect v T appearance explicitly, to confirm Vn — > v T oscillations, 
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Fig. 6. Summary plot showing the region ol sensitivities ol the various cosmology 
measurements in the (fi m , Oa) plane. Adapted Irom Ref. [5]. 



and to measure #13 by searching for — > v e oscillations, and to possibly 
probe the neutrino mass hierarchies. 

If 0i3 is finite and the mixing is at least at the 1% level, the CP violating 
effects in the neutrino sector can be studied, for instance, by comparing the 
difference between oscillation probabilities P(^ e — > v^) and ¥(y e — > P^). To 
pursue this program, one needs intense neutrino beams and Mega-ton size 
detector. There are intense efforts in devising neutrino "factory" , either with 
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improved conventional proton-on-target techniques, or as decay products from 
muons or radioactive /3-decay isotopes produced in accelerators. 

Complementary to accelerator-based efforts, there are several reactor- 
based projects with goals to search for 6*13 in reactor with about 1 km baseline, 
by looking for v e disappearing through the comparison of the neutrino spectra 
at this distance to those at production point. 

4.2 Intrinsic Neutrino Properties: 



T 




■ lllillllllllllil.lllMII1ll^ TO ■ . 1 , 1 , 1 1 1 I 
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Fig. 7. Sensitivity of the double beta decay (mpp) parameter versus the minimum 
neutrino mass. The allowed region from oscillation experiments are shown by the 
bands. The inner and outer bands are due to the best-fit oscillation parameters and 
with la errors included, respectively. Adapted from Ref. [8]. 
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Distortions of the end-point of the /3-decay spectra provides direct mea- 
surements of the neutrino masses m^'s and mixings U^U*^ The KATRIN 
experiment under construction will push the sensitivity of to 0.2 eV, and 
therefore can probe the scenario with quasi-degenerate neutrino mass eigen- 
states, as illustrated in Figure [71 This sensitivity cannot resolve individual 
and only the effective quantity "electron neutrino mass" 



can be determined or constrained. 

Neutrinoless Double Beta Decay is the most promising avenue to iden- 
tify the Dirac or Majorana nature of neutrinos, since this process is possible 
only for Majorana neutrinos. The decay rates depend on an "effective" mass 
parameter : 



and hence are sensitive to the absolute scale of m 2 rather then Amy. As 
depicted in Figure[7J when coupled with the input from oscillation results, this 
processes can help to distinguish the two possible mass hierarchies. Many R&D 
projects on various candidate isotopes are being pursued with the eventual 
goals of achieving the interesting range of {mpp) ~ 0.1 — 0.01 eV, which covers 
the case of neutrino mass spectrum having the inverted hierarchy, as shown 
in Figure [7j 

Finite neutrino masses typically give rise to anomalous neutrino inter- 
actions not accounted for by the Standard Model. The primary example is 
the possible couplings between neutrinos and photons via their spin compo- 
nents, manifested as neutrino magnetic moments and neutrino radiative de- 
cays [32]. Besides the model-dependent astrophysical bounds, the most strin- 
gent laboratory direct limits come from reactor neutrino experiments |23j , at 
Hvipe) < 7.4 x 10~ n hb- Bounds are also placed for the ^-properties [H] as 
well as on axion emissions [2 5) from the reactor experiment. 

4.3 Detection of Weak/Rare Signals: 

The KamLAND experiment, with its excellent sensitivity to i7 e , has recently 
made the first observation of the terrestrial "geoneutrino" [2B] which are 
by-products of the /3-decays due to radioactivity in the Earth's crust, pre- 
dominantly from the 238 U and 232 Th series. The various big underground 
experiments are sensitive to neutrinos from supernovae, with the expectation 
of detecting thousands of events from the next supernova, as compared to the 
20 events from SN1987a. 




(18) 



{mpp) 2 = | |[/ e i| 2 mi + e la \U e2 \ 2 m 2 + e^\U e3 \ 2 m 3 



(19) 
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4.4 High Energy Astrophysical and Cosmological Neutrinos: 

There are several "neutrino telescope" experiments [3j (Lake Baikal, AMANDA, 
NESTOR, ANTARES, IceCube) based on the water or ice Cerenkov detec- 
tion techniques. Their scientific goals are (a) to identify and understand the 
high-energy (10 12 to 10 15 eV) neutrino sources from active galactic nuclei, 
gamma-ray bursts, neutron stars and other astrophysical objects, and (b) to 
use these high-energy neutrinos for neutrino physics like very long baseline 
studies. The eventual detection volume for projects like IceCube will be on 
the scale of 1 km 3 . 

To get above the 10 18 eV scale for the "GZK" or other neutrinos of cosmo- 
logical origins, various techniques are being pursued towards the detection of 
radio Cerenkov, fluorescent, and acoustic signals from the interaction show- 
ers [37] • A wide spectrum of detection media is be studied, from ice to sea 
water to salt mines to the Moon to sampling a big region of the Earth's 
atmosphere from Space. 

4.5 Neutrinos at Low Energy Frontiers: 

The Borexino and KamLAND experiments will try to measure the sub-MeV 
solar 7 Be neutrinos, while several R&D projects are under way to devise tech- 
niques based on z/ e N-charged current interactions to detect the solar pp neu- 
trinos. 

Neutrino nucleus coherent scatterings have not been experimentally ob- 
served. A sub-keV threshold detector of kg-size is required to meet this 
challenge with reactor neutrinos. To realize this goal, prototype "Ultra-Low- 
Energy" germanium detectors with software pulse shape discrimination tech- 
niques are being developed [28], where a threshold of 0(100 eV) has been 
demonstrated. 

Finally, the relic "Big Bang" neutrino, the counterpart to the 2.7 K cos- 
mic microwave photon background (CMB), has large and comparable number 
density (order of 100 cm" 3 ) but extremely small cross sections due to the meV 
energy scale at an effective temperature of 1.9 K. The relic neutrinos decouples 
from matter at a much earlier time (1 s) than the CMB (3xl0 5 years), and 
hence are, in principle, better probes to the early Universe. A demonstration 
of its existence and a measurement of its density is a subject of extraordinary 
importance. Though there is no realistic proposals on how to detect them, it 
follows the traditions of offering a highly rewarding challenge to and pushing 
the ingenuity of neutrino experimentalists. 

5 Outlook 

Neutrino physics and astrophysics will remain a central subject in experi- 
mental particle physics in the coming decades and beyond. The structures 
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of the neutrino mass spectrum and the mixing matrix will be studied more 
thoroughly, as will be the intrinsic neutrino properties as well as the high 
and low energy frontiers. There are much room for ground-breaking technical 
innovations - as well as potentials for further surprises. 
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